Recently, we demonstrated an age-related association between allergic sensitizations for both inhalant and food allergens and clinical manifestations of asthma and eczema. 1 Therefore we hypothesized that age at debut, temporal development, and type and number of allergen sensitizations involved might reflect underlying patterns of allergic sensitization that are more closely associated to disease and thus more clinically relevant.
Recent studies have also suggested the presence of several allergic sensitization patterns in childhood [2] [3] [4] ; however, the previous published methods for time-course pattern recognition in the development of sensitization are based on probabilistic hidden Markov models. We wanted to use a statistical model that estimates a low dimensional representation of the observed data with minimal distributional assumptions. Furthermore, we sought a method that entails the ability to model higher-order data structures without the need to unfold data into a matrix and thereby abide by the nature of the data structure.
The aim of this study was to explore latent patterns of sensitization during the first 6 years of life by using an unsupervised data-driven cluster analysis (NonNegative Sparse PARAllel FACtor analysis [NNS-PARAFAC]). We analyzed levels of We used the NNS-PARAFAC to extract a set of patterns in the complex multidimensional data pool that characterizes longitudinal sensitization patterns in children unbiased from prespecified clinical hypotheses. We then related those patterns to the development of asthma, rhinitis, and eczema. This method explicitly models the temporal development of sensitization while clustering the allergens and children and, as such, proposes a general framework for analysis of longitudinal multivariate data structures. Verification was sought in another independent Scandinavian birth cohort, Children, Allergy, Milieu, Stockholm, Epidemiology (BAMSE), 5 in which the same sIgE assessments were performed at ages 4 and 8 years.
METHODS

Study design
COPSAC 2000 is a single-center prospective clinical birth cohort of children born to mothers with a history of asthma enrolled during 1998-2001. [6] [7] [8] The children were closely monitored from birth to age 7 years, with visits to the research clinic every 6 months and additional visits at the onset of airway or skin symptoms. Asthma, rhinitis, and eczema were diagnosed and monitored at these visits by the COPSAC pediatricians according to standard operating procedures. Diagnoses were defined by exact start and finish dates scrutinized from daily diary cards filled out by the parents.
The Copenhagen Ethics Committee (KF 01-289/96) and the Danish Data Protection Agency (2008-41-2434) approved the study, and informed consent was obtained from both parents at enrolment.
BAMSE is a longitudinal population-based birth cohort including 4089 children born between 1994 and 1996 in different areas of Stockholm. 5, 9 At the 4-and 8-year follow-up, blood samples were taken for sIgE analyses. In this study we included 3051 children who provided IgE data at 4 and/or 8 years of age.
Allergic sensitization
Blood was sampled at the ages of ½, 1½, 4, and 6 years in COPSAC 2000 and 4 and 8 years in BAMSE for measurement of sIgE levels (ImmunoCAP, Phadiatop Infant; Pharmacia Diagnostics AB, Uppsala, Sweden) against 8 inhaled allergens (birch, timothy grass, mugwort, dog, cat, horse, molds, and house dust mite [Dermatophagoides pteronyssinus]) and 5 food allergens (egg, milk, peanut, soybean, and wheat flour). Sensitization was defined as an sIgE level of 0.35 kU A /L or greater. 6, 10 Clinical outcomes Asthma in COPSAC 2000 was diagnosed at age 7 years based on an algorithm including 4 mandatory criteria: (1) 5 episodes of diary-verified troublesome lung symptoms, each lasting a minimum of 3 days within a period of 6 months; (2) symptoms judged by the COPSAC pediatricians to be typical of asthma, such as exercise-induced symptoms, prolonged nocturnal cough, recurrent cough outside the common cold, and symptoms causing wakening at night; (3) need for intermittent rescue use of inhaled b 2 -agonist; and (4) response to a 3-month course of daily inhaled corticosteroids and relapse after treatment ended. 7 Rhinitis in COPSAC 2000 was diagnosed at age 7 years based on a parental interview on the history of symptoms performed at the COPSAC research unit. Rhinitis was defined as significant and reoccurring sneezing or blocked or runny nose severely affecting the well-being of the child in the past 12 months in periods without an accompanying common cold or flu and requiring congruence between symptoms and relevant exposure. [11] [12] [13] [14] Eczema in COPSAC 2000 was diagnosed at scheduled and acute visits at age 0 to 7 years according to the criteria of Hanifin and Rajka, 8 capturing both age of debut and remission, as previously detailed. 9 In this study we used age of debut as the outcome definition for eczema.
For definition of the BAMSE outcomes, see the Methods section in this article's Online Repository at www.jacionline.org.
Statistical methods
An unsupervised data-driven multidimensional factor analysis technique called the NNS-PARAFAC model 15 was applied to analyze the COPSAC 2000 data reflecting subjects, age, and type of allergens. 16 The method does not entail exclusive partitioning of the children but allows a child to belong to several patterns. Similarly, a single allergen can contribute to several patterns.
The number of patterns was estimated based on (1) a scree plot of variance explained and (2) pattern interpretability in which biological plausible partitioning of the allergens and distinct support of only a few allergens per pattern is sought optimally. Optimization of the sparsity constraint was done by using the Bayes information criterion. 17 The method handles missing data through exclusion of these from the objective. Thus children with missing sIgE assessments were retained in the model if they had at least 1 sIgE assessment done to conserve maximum study power. For further details, see the Methods section in this article's Online Repository.
Primarily, the sensitization patterns were extracted from the COPSAC 2000 data and subsequently investigated in relation to asthma and rhinitis by means of logistic regression and to eczema by means of Cox regression, both by using univariate 1-by-1 associations, as well as a multivariate model regressing the outcome on all the sensitization patterns, eliminating nonsignificant (P > .05) patterns by using backward elimination. Before association analysis, each pattern score was dichotomized by setting all non-zero values to one while leaving the zeros as zeros.
As a post hoc analysis, the estimated NNS-PARAFAC model was used to cluster the children at each time point. This time-dependent clustering was referenced against the clinical outcomes univariately to investigate the age of penetration for each sensitization pattern.
Verification in the BAMSE cohort was conducted by estimation of an NNS-PARAFAC model with the exact same model settings as for the COPSAC model, followed by comparison of the allergen and time patterns and relative size of the individual patterns. Verification of the sensitization pattern versus clinical outcome was conducted by means of logistic regression for asthma, rhinitis, and eczema at both 4 and 8 years of age both univariately and multivariately, as described above. These comparisons were primarily conducted in the subset of children of asthmatic mothers to mirror the COPSAC 2000 study design and secondly in the entire BAMSE cohort. The robustness of the patterns was investigated toward changes in population because of maternal predisposition, missing sensitization data, and random changes. For details, see the Methods section in this article's Online Repository.
All statistical analyses were conducted in Matlab R2014b by using an inhouse routine for clustering and statistical toolbox (version 8.1) for association analysis between patterns and clinical outcomes. The algorithm is freely available at www.models.life.ku.dk/algorithms.
RESULTS
Baseline characteristics
In the COPSAC 2000 cohort 398 of the 411 children had at least 1 available sIgE assessment at one of the 4 age points. At age ½ year, 361 (91%) children completed sIgE measurements to all 13 allergens, with 355 (89%) at age 1½ years, 319 (80%) at age 4 years, and 296 (74%) at age 6 years. Of the 17,420 sIgE measurements (398 participants 3 4 time points 3 13 allergens minus 3276 missing entries), 566 (3.2%) were positive. For details on sIgE distributions, see In the BAMSE cohort 3045 of the 4089 children had at least 1 available sIgE assessment at one of the 2 age points. At age 4 years, 2604 (86%) completed sIgE measurements to all 13 allergens, and 2451 (80%) completed sIgE measurements at age 8 years. Of the 65,434 sIgE measurements, 4175 (6.4%) were positive. Table I shows the baseline characteristics of children with available sIgE assessments in the 2 cohorts.
Sensitization pattern analysis
The NNS-PARAFAC analysis in the COPSAC 2000 birth cohort revealed a total of 7 distinct latent patterns: (1) cat/dog/horse (40 children follow this pattern, which explains 16% of the variation in the data); (2) timothy grass/birch (n 5 57, 10% of the variation); (3) molds (n 5 12, 7% of the variation); (4) house dust mites (n 5 39, 7% of the variation); (5) peanut/wheat flour/mugwort (n 5 45, 11% of the variation); (6) peanut/soybean (n 5 61, 10% of the variation); and (7) egg/milk/wheat flour (n 5 108, 8% of the variation). We labeled the patterns based on the nature of the allergens as animal (1), other airborne (2-3), mixed (5) , and food (6-7). The patterns are unique and characterized by groups of children who follow the same sensitization pattern with respect to age at debut, development over time, and type of allergen-specific sensitizations. These characteristics are outlined in Fig 2, which shows both the allergen loadings and temporal development of the patterns. As an example, Fig 2, A, shows that the allergens with the largest influences (highest loadings) in pattern 1 are cat, dog, and horse, which exhibit the same overall profile with respect to participants and time. The time effect of each pattern is shown in Fig 2, B, where, for example, sensitivity to the allergens in pattern 1 is first registered at 1½ years, showing an increase at age 4 years followed by a slight increase at age 6 years. Fig 2 also shows comparison of the 7 patterns in BAMSE and COPSAC 2000 , which were in high agreement in terms of allergen profiles (R 2 > 0.89), development over time, and clustering of children, although with some ambiguity for pattern 3 (molds, see Table E1 in this article's Online Repository at www.jacionline.org). In general, the patterns are robust toward population changes caused by maternal predisposition. However, stratification leads to a lack of data support for allergens with especially low abundance, resulting in uncertain patterns for these allergens. For details on robustness of the pattern analysis, see Figs E2 to E7 in this article's Online Repository at www.jacionline.org.
Verification in the BAMSE cohort
Sensitization patterns in relation to clinical outcomes
The 7 longitudinal sensitization patterns were compared with development of asthma, rhinitis, and eczema by means of pairwise comparisons in COPSAC 2000 (Fig 3) . Asthma was only significantly associated with pattern 1 (cat/dog/horse; odds ratio [OR], 3.3; 95% CI, 1.5-7.2). Furthermore, a trend of association was observed between asthma and pattern 4 (house dust mites; OR, 1.9; 95% CI, 0.9-4.4), but pattern 1 remained the primary driver based on the multivariate model (see Table E2 in this article's Online Repository at www.jacionline.org). Rhinitis was significantly associated with patterns 1 to 4 (cat/dog/horse, timothy grass/birch, molds, and house dust mites) and 6 (peanut/soy bean; OR, 2.2-4.3), with patterns 2 (timothy grass/ birch) and 4 (house dust mites) found to be the primary drivers based on the multivariate model (see Table E3 in this article's Online Repository at www.jacionline.org). Eczema was found to be associated with patterns 1 to 3 (cat/dog/horse, timothy grass/birch, and molds) and 5 to 7 (peanut/wheat flour/mugwort, peanut/soy bean, and egg/milk/wheat flour; hazard ratio, 1.6-2.5), with patterns 1 and 2 (cat/dog/horse and timothy grass/birch) found to be the strongest drivers (Fig 3 and see Table E4 in this article's Online Repository at www.jacionline.org).
The association analysis was additionally run by using a sensitization-free control group of 249 children without any positive sensitization registrations across all 4 time points. The results are numerically slightly stronger because of exclusion of sensitized children from the control group (results not shown). Results based on the entire BAMSE cohort (n 5 3051) showed that all patterns were positively associated with all outcomes at the ages of 4 and 8 years (see Fig E8 in this article' s Online Repository at www.jacionline.org). The associations between asthma and rhinitis and sensitization patterns are strongest at 8 years of age, whereas for eczema, the association is strongest at 4 years of age. For the clinical outcome of eczema, there is a fair agreement between the results obtained in COPSAC 2000 and BAMSE, whereas for both asthma and rhinitis, this is not the case. Stratifying the BAMSE analysis to only include children J ALLERGY CLIN IMMUNOL VOLUME 140, NUMBER 6 of asthmatic mothers (n 5 282) and thereby imitating the COPSAC2000 design changes the results toward higher agreement for asthma and eczema, whereas rhinitis remains unverifiable. For asthma, 5 of 7 patterns obtain association results, with the estimate based on COPSAC 2000 data at 6 years between the BAMSE estimates at 4 and 8 years of age (Fig 3) .
Of the 3 outcomes, only asthma and rhinitis are associated (P 5 .01) and hence possibly confound one another in the association analysis. When adjusting the association with rhinitis for asthma, the results are unaffected, whereas the pattern-wise association with asthma attenuates when adjusting for rhinitis (see Table E5 in this article's Online Repository at www.jacionline.org, which is based on COPSAC 2000 ).
Age at onset
Fig E9 in this article's Online Repository at www.jacionline. org shows the age-dependent cluster sizes and those across all time points for each pattern. In accordance with raw data, there are very few children exhibiting sensitization in the first 5 (nonfood-related) patterns at age 6 months (and to some extent at age 18 months). The results from associating these clusters with clinical outcomes are shown in Fig 4, where especially pattern 1 (cat/dog/horse) shows a profile of early sensitization toward these allergens being strongly associated with clinical outcomes with a limited amount of cases. As an example, asthma and early-life (age 1½ year) sensitization promoted the strongest association (OR, 12.3; 95% CI, NA, Not applicable. *Children born to mothers with asthma in the BAMSE cohort. One or more cigarettes per week. àHigh is defined as a total income of greater than V80,000, average is defined as from V50,000 to 80,000, and low is defined as less than V50,000. §Lower white is defined as 2 years or less at a higher education, and medium and high white are defined as at least 3 years at a higher education. kFirst year of life. 
2.2-69.8).
For pattern 6 (peanut/soybean), the opposite relation is observed, in which sensitization toward these allergens at the age of 4 and 6 years exhibits the strongest association with rhinitis and eczema.
DISCUSSION
Main finding
This study revealed 7 distinct patterns of allergic sensitization during preschool age by using an NNS-PARAFAC cluster analysis. These 7 novel patterns, grouped as animal pattern (cat/dog/horse), other airborne patterns (timothy grass/birch, molds, and house dust mites), mixed pattern (peanut/wheat flour/mugwort), and food patterns (peanut/soy bean and egg/ milk/wheat flour) were unique and reproducible in an independent cohort with high agreement. The patterns associate differentially with clinical disease development, supporting that they represent biological meaningful sensitization phenotypes.
Strengths and limitations of the study
In our investigation of sIgE patterns during the first 6 years of life, the NNS-PARAFAC model allows use of development over time as a third dimension in the analysis. The model ''remembers'' whether a child was sensitized at a prior time point and takes that into account. Because prior sensitization affects the risk of later sensitization, this information is an important contribution to the pattern analysis.
In contrast to the previous published methods for time-course pattern recognition in the development of sensitization, which are based on probabilistic hidden Markow models, 2,3 the parallel factor analysis (PARAFAC) model constitutes a different framework in which, instead of estimating a probabilistic model, the PARAFAC model estimates a low dimensional representation of the observed data with minimal distributional assumptions in a similar fashion as principal component analysis for data organized in a matrix. This means that the quality of the resulting model is simply how good a ''picture'' it is of the observed data and its level of generalizability. The proposed clustering framework entails soft clustering, meaning that a single child can follow more than a single pattern and that an allergen can be described by several patterns. For example, increased sIgE levels to peanut are described in both patterns 5 and 6 and thereby contribute to 2 distinct groups of children: one with cosensitization toward primarily mugwort and wheat flour (pattern 5) with primary data support at 6 years and one with cosensitization to soybean, egg, and wheat flour (pattern 6) with support from all time points. Furthermore, the power of the PARAFAC model is in its ability to model higherordered data structures without the need to unfold data into a matrix and thereby abide by the nature of the data structure. In the specific application this has the upside of being able to estimate the time course directly, allowing for age-dependent sensitization structures.
Association studies are typically conducted through individual comparison of all variables at all age points with all outcomes. 4, [18] [19] [20] [21] [22] [23] In the COPSAC study this amounts to 13 (allergens) 3 4 (age points) 3 3 (outcomes) tests. This traditional approach has limited capability to bring any novel biological insight because of (1) preservation of the uncertainty in the original data, (2) the multiple testing issue with a high probability of false discovery, and (3) the question answered by the statistical test (eg, ''Is milk allergy at 1½ years of age related asthma at 7 years?'') being of limited biological relevance. The NNS-PARAFAC analysis circumvents these pitfalls by extracting only systematic variation across both time and participants. Furthermore, because different types of allergens have similar mechanisms of sensitization, data-driven grouping of these in the NNS-PARAFAC model reduces the number of tests without removing relevant variation. Finally, the biological question of interest is whether different sensitization patterns over time relate to clinical outcomes, as opposed to single cross-sectional comparisons.
Both the COPSAC 2000 and BAMSE studies are strengthened by thorough data management and quality control procedures, including external monitoring, online data collection into a dedicated database, and locking of data after data verification. A further advantage is that both studies longitudinally measured sIgE levels against the same diverse panel of common inhalant and food allergens. The almost exact replication of the 7 latent sensitization patterns discovered in COPSAC 2000 in the independent BAMSE cohort improves the reliability of the findings.
A limitation of the study is the at-risk nature of the COPSAC 2000 participants (ie, children born to mothers with asthma) because this population can differ from unselected populations with regard to allergen exposures (eg, house cleaning and pets in the house), which can affect sensitization in childhood. 20, 24 However, replication of the patterns in the unselected BAMSE cohort argues against such an inference. Furthermore, replication is confined by the differences in study design between BAMSE and COPSAC 2000 , including age of assessment of sensitization (4 and 8 years in BAMSE and ½, 1 ½, 4, and 6 years in COPSAC 2000 ) and age of assessment and diagnosis of clinical outcomes.
Interpretation
We discovered and verified 7 distinct patterns of allergic sensitization during childhood in which groups of allergens J ALLERGY CLIN IMMUNOL VOLUME 140, NUMBER 6 follow a similar pattern over both time and participants. The grouping was purely data driven and unbiased from prior knowledge on how allergens normally cluster (eg, crossreactions) or which clinical outcomes normally associate with specific allergen sensitizations. Verification of the patterns in an independent cohort and distinct association between the patterns and clinical outcomes are suggestive of biological meaningful sensitization trajectories. Recent studies have also suggested the presence of several allergic sensitization patterns in childhood.
2-4 sIgE measurements from almost 13,000 children aged 3 to 17 years 25 found 7 patterns very similar to ours (dog/cat/horse, house dust mites, molds, birch/apple, food/mugwort, timothy grass/rye, and egg/milk). Although these data were cross-sectional and lacked the third dimension of temporal development in the statistical model, the similarity of the 7 patterns supports our findings.
The association between eczema and all patterns with the exception of the other airborne pattern 4 (house dust mite) aligns with previous studies showing association between eczema and allergic sensitization in general. 4, 22, 26 Our finding that asthma was associated with animal pattern 1 (dog/cat/horse) in COPSAC and children with asthmatic mothers in the BAMSE study is in line with other studies examining cat and dog sensitization independently 4, 18 ; however, the study by Stoltz et al 4 found the strength of association between dog and asthma to increase from age 1 year to 3 years, whereas our study suggests the strongest association at age 1½ years. Many previous studies have reported that sensitization to house dust mite is related to asthma and wheezing. 2, 4, 18, 21 We found a nonsignificant trend of association only between pattern 4 (Dermatophagoides pteronyssinus) and asthma, and in the multivariate model pattern 4 was not driving the association between sensitization and asthma either.
A British study of 1053 unselected 8-year-old children (Manchester Asthma and Allergy Study) 2 found a highly significant association between sensitization to house dust mites and asthma, with an almost double effect size compared with our findings. We speculate that this discrepancy originates from COPSAC being a high-risk cohort with children from atopic mothers because the association between pattern 4 and asthma based on all data in BAMSE yields results on par with those reported in the Manchester Asthma and Allergy Study.
When examining the patterns revealed in our study, there is a striking biological resemblance between the allergens with respect to components that constitute the allergens and the common protein groups represented in each pattern. The allergens in pattern 1 (cat/dog/horse) comprise components that are both lipocalins (Can f 1 Although the components have biological resemblance in each pattern, this cannot alone explain the clustering of the allergens because they need to cross-react to explain the patterns. The lipocalins that could be part of pattern 1 (cat/dog/horse) are known to cross-react, 24 which is also apparent for polcalcins and profilins, which could constitute pattern 2 (timothy grass/ birch). 27, 28 PR-10s are highly cross-reactive, 29 which could explain the clustering in pattern 6 (peanut/soy bean). Some nonspecific lipid transfer proteins also cross-react, 30 but the albumins of pattern 7 (egg/milk/wheat flour) are not known to cross-react. This biological interpretation of the patterns is only speculative and would need verification by using componentresolved diagnostics.
The association between rhinitis and all patterns with inhaled allergens was expected, whereas the association between rhinitis and food pattern 6 (peanut/soybean) can also be explained by cross-reactions because the Bet v 1 (from birch)-related food allergen components in soy (Gly m 4) 31 and peanut (Ara h 8) 29 are all PR-10s.
We propose the existence of a common epitope across patterns of different allergens, which most likely can be enhanced by examining allergen components. However, not all the patterns we found can be explained by cross-reactions and allergen components, suggesting that other host, genetic, or environmental factors could also influence clustering of allergen-specific sensitization during early childhood.
Conclusion
This study used a clustering method for 3-dimensional data structures to extract distinct temporal patterns of sensitization while clustering allergens and children. These results suggest the presence of several distinct sensitization phenotypes during childhood defined by the type and number of involved allergens, age at debut, and temporal development. The latent patterns showed differential associations with disease, suggesting they represent biologically meaningful and clinically relevant sensitization phenotypes.
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Key messages
d Sensitization is not a stable dichotomous trait but can be described as 7 different phenotypes defined by the allergen and temporal pattern of sensitization.
d Association with asthma, rhinitis, and eczema depends on the sensitization pattern.
